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Abstract: A new structure of the Marx pulse generator for generating bipolar high-voltage pulses is introduced. This structure is 
composed of a buck-boost converter and connected to a low DC voltage source and several parallel diode-capacitor units. In the first 
stage, the inductor energy is supplied through the voltage source and in the next stage, the inductor energy is transferred to capacitors. 
For generating the pulses, voltage polarities of the capacitors are changed by a small inductor which is in resonant with the capacitors. 
Then, using a fast switch, the capacitors are connected in series to generate desirable high-level pulses. To have bipolar pulses, polarity 
of capacitors is inverted, alternatively. Modularity of the proposed structure enables us to increase number of the units for generating 


higher voltage level, straightforwardly. 


Keywords: pulse generator; electric polarization; Marx pulse generator; bipolar high-voltage pulses; negative buck-boost converter; 


resonant circuit. 


NOMENCLATURE 

T Period of switching 

T c+ Charging time of capacitors 

Tc- Required time for resonance 

Vin Magnitude of input voltage 

Ly Inductance of the main inductor 

L,—L, Inductance of the resonant inductor 

Cs Equivalent capacitance of the capacitors in 
series connection 

C Equivalent capacitance of the capacitors in 
parallel connection 

R load resistor 

I, Maximum current of inductor L4 

AT Duration of charging L4 

Von On-state voltage of the semiconductor 
components (switches or diodes) 

Isw Current of the semiconductors 

Ron On-state resistance of the Semiconductors 


Isw,avg Average current of the semiconductor 
Iswrms Effective current of the semiconductor 
Vsw,on Semiconductors' voltage before turning on 
Isw,on Semiconductors' current after turning on 
Vsw,off Semiconductors' voltage after turning off 
I sw off Semiconductors' current before turning off 
Le DC line inductance 

Tonsw Semiconductors' turning-on duration 


Toffe sw Semiconductors' turning-off duration 


1. INTRODUCTION 


High-voltage pulse generators are used in different applications 
such as plasma, lasers feeding, minerals corrosion, food 
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industries, water and wastewater treatment, military and 
medical industries [1]-[4]. The generated pulses by the 
mentioned equipment are either unipolar or bipolar types. 
Bipolar high-voltage pulses are more efficient in industrial 
processes like processing and sterilizing foodstuffs, 
purification of water, and air pollution. Using a pulsating 
electric field with high enough power, one can penetrate cell 
membrane to kill microbes, called electric polarization [5]. In 
recent decades, this method has been introduced as an 
alternative approach for sterilizing foodstuffs and liquid 
materials instead of the old conventional methods. This 
approach needs bipolar pulse generators [6], [7] as the main 
core of the method. 


The pulse generators can be classified into two main groups 
including classic and modern pulse generators. In the classic 
pulse generators, like multilevel Marx pulse generator, spark 
gap switches are utilized for the switching. Such switches make 
them big, inefficient, and expensive. 


Modern pulse generators are based on semiconductor switches. 
The main advantages of these switches can be mentioned as 
low volume, high efficiency, high reliability, long lifespan, low 
cost, and high switching frequency which, enables them to 
generate pulses with high repetition. 


Basic structure of the Marx generators has some challenges 
such as low reliability, bulky dimensions, high cost, low 
repetition rate, and short lifespan and the capacitors used in this 
structure can be charged maximum to the DC voltage source 
level[8], [9]. In new types of Marx generators, in which solid 
state switches are used instead of the resistors and spark gap 
switches, the capacitors can be charged up simultaneously to 
Vin, twice of Vin, or even several times of Vin. Solid-state 
switches-based pulse generators are suitable options for 
tackling the mentioned challenges. Although Marx generators 
with solid-state switches have acceptable performance, new 
structures can be presented to promote the performance of these 
pulse generators. 
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Fig.1. N-stage circuit of the proposed bipolar MG. 


Marx topology as a suitable structure for generating several 
kilovolts pulses, can also be divided into unipolar and bipolar. 
In [9-20], some unipolar pulse generators have been presented. 
In the structures presented in [10]-[13], the capacitors are 
charged up to DC voltage source. Therefore, a high-level DC 
source or many capacitor stages are needed for generating 
higher output voltages. 


In order to reduce switching losses in power electronics, zero 
voltage switching (ZVS) and zero current switching (ZCS) are 
provided. In pulse generators, this target has been followed up, 
as well. In [14], [15], using an inductor in series with the 
capacitors and DC source, the capacitors can be charged up to 
twice of source voltage, as a result, the number of units required 
capacitive or DC supply voltage level is reduced. Another merit 
of this structure is realizing ZCS. 


In recent years, many researches have been dedicated to the 
pulse generators in which dc-dc converters are utilized to 
improve their performance [16]. In the structures presented in 
[17]-[20], the capacitor units are charged up to several times of 
the source voltage using a buck-boost converter. It should be 
mentioned that the voltage of the circuit components arises in 
this condition, so the number of capacitor stages is determined 
considering this over voltage. In [16] and [17], a positive buck- 
boost converter has been used for this purpose. In [16], an 
inductor unit has been utilized for charging all of the capacitor 
units. Output of this pulse generator is a unipolar high-voltage 
needle pulse which has a great deal of flexibility and generation 
in high frequency. In [17], less elements have been employed 
in the proposed structure in respect with the other Marx 
generators. However, it has more operation modes, which 
results in reduction of the repetition frequency. In [18], 
renewable energy sources are connected through an 
interlinking converter with considering reduction in leakage 
current issue. These low cost, high efficiency converters have 
very useful applications in microgrids[18]. 


In [19],[20], two modular structures have been suggested in 
which negative buck-boost converter was exploited. In [19], for 
charging the inductor, one source with H type switching has 
been used. In each cycle of the pulse generation, inductor is 
charged two times, one for the odd capacitors and the other for 
the even capacitors. In [20], the capacitors are charged 
simultaneously through the inductor unit and it includes three 
operation modes that make it capable of generating pulses with 
higher frequency in comparison with the other structures. In the 
pulse generators in which buck-boost converter is utilized, 
switching losses of the generators can be reduced by operation 
of the converters in discontinues conduction mode. 


In [21], [22], some bipolar Marx generators have been 
presented. The proposed structure in [21] is a development of 
structure of [10], in this structure, there are six switches per 
capacitor unit. In [22] a two level converter is considered for 
grounding aspects. In [23], the number of switches has reduced 
to five and four switches for each capacitor unit, respectively. 
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In [24], two DC sources have been employed in order to reduce 
the number of the switches. One of the DC sources charges the 
odd capacitors and the other one charges even capacitors, 
which results considerable reduction in the number of switches. 
However, during discharging of the capacitor units, always one 
of them could not be discharged. During pulse generation, 
voltage on the DC source can be reached (n-1)Vc. Therefore, 
an inductor-resistor unit is located in the path of source and the 
capacitor units to prevent the over voltage on the source. In 
higher voltages, value of inductor-resistor unit should be 
increased, which results in slowing down the charging 
processes and decreasing repetition frequency of the circuit. 
Capacitor units in the structures of [21], [23]—[25], can be 
charged up to DC source value. Therefore, they have the same 
problems like unipolar generators. In [26], a unipolar/bipolar 
structure has been introduced, in which a buck-boost converter 
is utilized for charging the capacitors up to several times of the 
DC source voltage. Also, different power quality issues like 
voltage sag can be reduced by the method proposed in [25]. 
This structure exploits two inductors as energy storage, one for 
positive pulses generation and another one for negative pulses 
generation [27]. Although in this structure, the number of 
elements was reduced considerably, it is able to generate only 
a bipolar pulse for one capacitor unit and does not have modular 
capability. 


Considering the mentioned limitations in bipolar pulse 
generators, a novel structure of these generators is presented in 
this paper. In the proposed structure, a negative buck-boost 
converter is used for charging the capacitor units. The structure 
is modular based and each module includes two capacitors, one 
inductor, two thyristors and two diodes. The polarity of 
capacitors changes in a resonant condition. Both capacitors are 
connected to the inductor through the switches [28]. After 
charging the capacitors, polarity of the odd capacitors is 
changed through a resonant circuit for generating positive 
pulses. In case of generating negative pulse, polarity of even 
capacitors is changed. Circuit operation, design requirements 
and efficiency of the proposed topology are addressed in 
details. Performance of the proposed pulse generator is 
investigated by some simulations at Matlab/Simulink. Also, a 
comparison between the performance of the reported bipolar 
structures in the literature and the proposed structure is 
presented. 


2. THE PROPOSED BIPOLAR PULSE 
GENERATOR 


The proposed n-level bipolar pulse generator structure is shown 
in Fig. 1. Procedure of the bipolar pulse generation is divided 
into two stages: common and non-common operation stages. 
The common stage is carried out twice per operation cycle, 
while the non-common is performed once per cycle. In the 
following, the procedure of the bipolar pulse generation is 
discussed in details: 


2.1 Common Operation Stage 

Pulse generation is realized in two stages as follows: 

First stage (Charging the inductor during AT): In the first stage, 
shown in Fig. 2 (a), the main inductor, located at the input of 
the converter, is connected to the DC source through S_1 and 
charged for duration AT. The charged inductor plays the role of 
a current source. According to Equation (1), maximum inductor 
current in AT will reach I_L. In this time interval, the diodes 
and thyristor 1 prevent current to pass through the capacitor 
units. All semiconductor devices, such as IGBTs, SCRs, and 
diodes are assumed to be ideal. So, voltage drop on each of 
these components is zero during conduction. 
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a a) 
Second Stage (The energy is transferred from the inductor to 
the capacitors): According to Fig. 2 (b), in the beginning of this 
stage, thyristors 1 and 6 and the diodes are turned on. 
According to Equations (2), during Tc*, the stored energy in 
the inductor is transferred to capacitors C;, and all four 
capacitors are charged to Vc max- Upon the inductor current 
reaches zero (at the end of Tc*), all the diodes and thyristors 1 
and 6 are turned off simultaneously and the capacitors remain 
at voltage Vo max. By assuming Cl= C2= C3 =C4 =C, we have: 


t)=0 T 
yee ta ERA 
Tx 4C 2 


L . t Vc(Tc+) L 
Ve) = fe x sin( Fe = Vemax = i fe (2) 


While thyristor 1 is off, the inductor unit is separated from the 
capacitor unit. Thus, the inductor can be recharged again. 


i(t) = I, x cos( 


2.2 Uncommon Operation Stage 

First Stage (Altering polarity of the odd capacitors): When the 
inductor current reaches zero and whole the energy is 
transferred from the inductor to the capacitors, as shown in Fig. 
2(c), polarities of the capacitors 1 and 3 are changed to generate 
positive pulse. To do so, thyristors 2 and 4 are turned on 
simultaneously to create a loop between the inductors and 
capacitors. In this condition, energy of the capacitors transfers 
to the inductors. Then, the inductors discharge their stored 
energy to the initial charging current direction. In this 
condition, the capacitors will be charged from top to bottom 
direction of the circuit, again. Now, voltage of each capacitor 
is Ve max, but with the opposite polarities. After charging the 
capacitors, current of the inductors reaches zero and thyristors 
2 and 4 will be turned off. In this state, current Equations of 


Si 


vat al A 


Vin Lı 


3 ids ; ES 
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viz Li 


Si 


(e) 


inductors Lọ and L3 as well as capacitors C, and C3 are: 
Oo 


. C.. t typ = 
tea (t) = Vema [Esin Ta) — t =Te-=nmnyL,xXC (3) 


È t=T c- 
Ve, a(t) = Vemax COS( T — Vea (t) = —Vemax (4) 
According to Equation (3), current of inductors L, and 
L, reaches zero after Tc™. At this time, the capacitors voltages 
reach maximum negative value. 


Second Stage (Generation of positive pulse): In this stage, 
according to Fig. 2 (d), polarities of the odd capacitors are 
changed and the voltage across each of the four capacitors is 
Vcmax. Also, the polarity of all capacitors is desirable for 
connecting in series. Upon, Sz is turned on, the capacitors are 
connected in series and the summation of all the capacitors 
voltages is applied to the output. In this stage all the diodes are 
turned off under reverse bias of the capacitors’ voltages. Thus, 
the output voltage is equal to: 


Vour(t) = Vo, F Ve, +V +v, = 4x Vomax = an fé (5) 


The capacitors are discharged by time constant T=5RC,. Third 
Stage (Changing polarity of the even capacitors): at the 
beginning of this stage, the common operation stage should be 
performed once again. The capacitors are charged and when the 
inductor current reaches zero, according to Fig. 2 (e), thyristors 
1 and 5 are turned on at the same time to change the polarity of 
capacitors C2 and C, and generate negative pulse. The same as 
the procedure mentioned in the first stage, current Equations of 
inductors L, and L3, and capacitors C, and C, are the same as 
Equations (3) and (4). Also, thyristors 1 and 5 are automatically 
turned off when inductors current reaches zero. 
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Fig. 2. Switching modes for bipolar pulse generator .a) The main inductor charging b) Capacitor units charging and the 


main inductor discharging c) Polarity changing of odd capacitors d) positive pulse generation e) Polarity changing of even 


capacitors f) negative pulse generation. 
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Fig. 3. Switching control strategy, voltages of capacitor and 
output. 


Fourth Stage (Generation of negative pulse): In this stage, 
according to Fig. 2 (f), polarities of the even capacitors are 
changed, while voltage across each of the four capacitors is 
Vc max. By turning on switch S3, the output voltage will be 
equal to the sum of series capacitors (4V¢ max). Therefore, the 
output voltage is the same as Equation (5). Also, all the diodes 
are turned off due to reverse-biased of the capacitors voltages 
and the capacitors are discharged by time constant To. 


2.3 Switches Control Strategy 

According to Fig. 3, during AT, S, is turned on and the inductor 
current reaches I, by voltage + Vin. After AT, S4 is turned off 
and SCR, is turned on simultaneously. All the capacitors are 
charged by turning on SCR, (energy is ransferred from the 
inductor to the capacitors). In this topology, the switching is 
designed in a way that all the capacitors are charged at the same 
time. After Tç+, SCR, is automatically turned off when its 
current reaches zero. When thyristor 1 is turned off, all the 
diodes are reverse-biased due to the capacitors’ voltages. In this 
condition, the inductor unit is separated from the capacitors’ 
units. So, the inductor charging gets started simultaneous with 
switching of the capacitor unit. In order to generate positive 
pulse, SCR, and SCR, are turned on and by forming a resonant 
circuit, polarities of the capacitors’ voltages change. After 
changing the capacitors polarities, the inductors and thyristors 
current reaches zero. Therefore, these thyristors are turned off 
automatically. Now, polarities of the capacitors are suitable for 
connecting in series by turning on Sz to generate voltage with 
positive polarity. Then, in order to generate negative voltage, 
polarities of capacitors Cz and C, are changed by turning on 
SCR3 and SCR; and connecting the capacitors in series by S3. 


2.4 Switches Control Strategy 

As mentioned, after changing the polarity, two capacitors are 
located at both side of switches S, and S3 , which are connected 
in series. As a result, in both generating positive and negative 
pulses, a voltage equal to 4V¢ maxis applied across these 
switches. Therefore, in order to reduce this voltage, according 
to Fig. 5, by adding a parallel thyristor to thyristor 6, in the 
opposite direction and modifying control strategy of thyristor 
switch 6, this voltage is reduced to 2V¢ max- 

In generating positive pulse state, thyristor 2, 4, and 7 are 
turned on at the same time. According to Fig 6. (a), 
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Vab = 2Vc,m — (- 2Vc,m )= 4Vc,M 


Fig. 4. Voltage of switches Sz and S; during positive pulse generation. 
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Fig. 5. The proposed structure for decreasing the voltage of S, and S3. 


simultaneous with changing polarity of the odd capacitors, 
summation of C4 and C, voltages are applied across the load. 
So, voltage across switches Sand S will be reduced. In 
generating negative pulse as shown in Fig 6. (b), simultaneous 
with turning thyristors 3 and 5 on, thyristor 6 is also turned on. 
Therefore, according to the prior state, voltage across switches 
Sz and S3 is reduced, as shown in Fig. 7. 


3. COMPARISON OF THE PROPOSED 
STRUCTURE WITH THE OTHER 
SIMILAR STRUCTURES 


In this part, number of the employed components, capacitors 
voltages, and output voltage of the proposed structure are 
compared with three structures that are capable of generating 
both unipolar and bipolar pulses, as shown in Table 1. 

In the proposed structures in [10,13], capacitor units could only 
be charged to DC source, so in order to generate higher voltage, 
number of capacitor levels should be increased or a bigger DC 
source should be used. Both these remedies result in increment 
in cost and volume of the generator. In these structures, voltage 
of the capacitor cannot be used for increasing the output 
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Fig. 6. The polarity changing of odd and even capacitors, and 
increasing the output voltage to 2Vemax- 
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(b) 
Fig. 7. The effect of the switch added to the circuit on the output 
voltage and voltage of switches Sy and S3. 


voltage. From number of the used switches point of view, 
structure of [10] has more switches than the proposed structure. 
The structure of [13] has a smaller number of switches than the 
proposed structure, but in this structure two DC sources have 
been used to reduce the number of the switches which is a 
drawback. Also, there is no switch to charge the capacitors unit, 
so charging control could not be carried out appropriately. In 
[14], the problem of low stored energy in the capacitor units 
has been solved by using a buck-boost converter, but adding 
the converter increases switching frequency of the structure. In 
this structure like the proposed structure, voltage of all the 
capacitors can be exploited for generating high output voltage. 
Power electronics components could tolerate a permissible 
voltage. Maximum voltage of the components in the proposed 
structure in off state are tabulated in Table 2. It can be observed 
that in this structure, maximum voltage is applied across the 
diodes at the end and beginning of the circuit, which can be 
alleviated by connecting some diodes in series. Among the 
switches, maximum voltage is applied across SCR. 


4. ANALYZING EFFICIENCY AND 
LOSSES OF THE PROPOSED 
STRUCTURE 


Losses of the proposed structure includes switching and 
conduction losses. Equations for input power (Pin), conduction 
losses (Pc), and switching losses (P,,,) are presented in (6-8). 


1 1 
Pin E zi Vint. (dt) = Finl, AT (6) 
1 
Po = = Sr Vonlsw + Ronlav) (at) = Von! sw,avg F Riles (7) 
1 
Poy = = Sr Vsw.onlsw,on tr Vw offlsw,off) (at) (8) 


SCR, and SCR« are turned on in the stage of transferring energy 
from inductor L, to the capacitor units and at zero voltage. 
Sz and S} are also turned on at zero voltage and when the 
capacitors are fully discharged (after 5t). At zero current, these 
two switches are turned off. Thus, switching losses for SCR,, 
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Table 1. Comparing the Number of the Proposed Structure Devices with 


Three other Refrences. 


PROPOSED [10] [13] [14] 
GENERATOR 
Number of First | Second 17 8 20 
Switches state | state 
9 10 
Numter of 4 8 5 12 
Diodes 
Number of 3 0 2 2 
Inductor 
Number of 4 4 4 4 
Capacitor 
Number of 1 1 2 1 
DC Source 
2 2 
| L a“ + 
Ve L |qe Vac | Vac Lle a cor sin ft) 
B 
$ Wa. | 4V, 
Vout 4l, 4C dc dc Vout = NVen 


SCR6, S2 and S3 are negligible. Switching losses for all the 
diodes are about zero due to zero voltage and zero current 
switching. 

Efficiency of the proposed structure depends on input voltage 
magnitude and output resistor, which is calculated in different 
conditions as shown in Fig. 8. 

The efficiency is calculated considering the specifications 
presented in Table 3 by assuming that voltage drop and 
resistance of all the switches in conduction mode are 2.5 volts 
and 5 mQ. Switching losses of S4 is calculated assuming that 
turning on and off duration of this switch are 50 ns and 150 ns, 
respectively. Power losses for a period of operation is obtained 
from Equation (9). 

P, = 2Pcs1 + 2PCcscrı + 2PCscre + 2PCs2 + 4PCscr2 + 8Pp + 
2PsWs1 (9) 


The efficiency can be improved by increasing output resistor, 
but increasing the resistor also raises To. Increasing To causes 
switches Sz and S3 not to be disconnected at zero current 
anymore. 


5. SIMULATION RESULTS 


In order to compare the simulation results, all parameters are 
considered according to table 4. The structure is simulated in 
MATLAB-SIMULINK. The DC source has a constant voltage 
10 volts. Duration for charging inductor L4 is 30 us and the 
inductor current at the end of this duration is equal to 0.15 A. 


Table 2. Maximum Voltage and Current for 
Switching Devices in the Proposed Structure. 


Structure First Second 
elements State State 
Sy Vac + Vomax 
So, S3 AVe max 2Vomax 
Scri 3Vcmax — Vi 
SCR2-5 2Vomax 
SCRe7 2Vemax 
D,& Dy Ve max 
D. 2 &D 3 2Voemax 
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Table 3. The Equations of Switching and Conduction Losses in the 


Proposed Structure. 


Table 4. Value of Proposed Structure Parameters in Simulation mode. 


Structure SWITCHING Conduction losses (Pç) 
elements LOSSES (P,,,) 
Sy Ii VonswAT 3 
; 2T TLV int on sw i LIV int of „sw 
I, RonswAT 2T AT 2T 
3T 
y, V j Cy ser _ 
out” on 3 q 5 (1z = P 
Sa, S3 0 (Soft Switching) 
2 
Vout Ron SW Cog ser ( a 
— M | l-e 
2RT 
UAV onswTe+ Ir RonswT, 
Sa 0 (Soft Switching) £ ere Ey on cs 
2 
IV T I; “R T 
SCR; 0 (Soft Switching) LY on,sw* C+ L “on „swt C+ 
aT 4T 
I LVon „SW VLC Ron sw Ly C 
SCR, 0 (Soft Switching) T 7 2T 
— SCR; 
2 
2IIV on pict i I; Ron, pict 
T T 
1 45143 14243 
b 
D, — D, It is considered Zero z 
2 
1 1 
—a+ (4) b 
n n 


According to the values of inductor and capacitors, time 
constant for fully charging of the capacitors is 5 us. After Tc¢+ = 
Sus, the maximum voltage of the capacitors will reach 50 volts. 
For generating positive pulse, polarities of the odd capacitors 
are changed. Thus, voltage of the odd capacitors will be -50 
volts. When S, is turned on, 200 volts (voltage summation of 
the four capacitors) will be generated. By the same way, 
polarities of the even capacitors are changed to have the same 
voltage with negative polarity. According to the value of load 
resistor and C,, the generated pulse reaches zero after time 
constant To. The simulation results, including current of 
inductor L4, voltages of the capacitors, current of the resonant 
inductor are shown in Fig. 9 and output voltage, and voltage 
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Fig. 8. The efficiency of the proposed structure a) the efficiency 
versus input voltage (v) b) the efficiency versus output resistor (Q). 


www.ijsea.com 
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(b) 
Fig. 10. The output voltage and the voltage generated on the switch 
Sz and S} a) before adding SCR, b) after adding SCR7. 


across Sz and S3, in both the explained states are illustrated in 
Fig. 10. 


6. CONCLUSION 


In this paper, a new bipolar Marx generator was proposed, in 
which a buck-boost converter for improving the performance is 
employed. This converter can charge the capacitors up to 
several times of the conventional Marx generators. In the 
proposed structure, all the capacitors are charged at the same 
time. Then, with a small inductor through a resonant circuit, 
polarities of the even and odd capacitors are changed, 
respectively. After that, using two switches Sz and S3, voltage 
summation of the capacitors is applied to the output terminals. 
The applied voltage is reduced to half using an anti-parallel 
thyristor with SCRg. Modular capability of the proposed 
structure provides higher voltages without changing the voltage 
rating of the switches. The performance of the proposed 
structure was assessed using some simulations. All the 
corresponding simulation results comply with each other and 
prove the good performance of the proposed bipolar pulse 
generator. 
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